Changes in gene regulation have long been thought to play an important role in primate 2 evolution. However, although a number of studies have compared genome-wide gene expression 3 patterns across primate species, fewer have investigated the gene regulatory mechanisms that 4 underlie such patterns, or the relative contribution of drift versus selection. Here, we profiled 5 genome-scale DNA methylation levels from five of the six extant species of the baboon genus 6 Papio (4-14 individuals per species). This radiation presents the opportunity to investigate DNA 7 methylation divergence at both shallow and deeper time scales (380,000 -1.4 million years). In 8 contrast to studies in human populations, but similar to studies in great apes, DNA methylation 9 profiles clearly mirror genetic and geographic structure. Divergence in DNA methylation 10 proceeds fastest in unannotated regions of the genome and slowest in regions of the genome that 11 are likely more constrained at the sequence level (e.g., gene exons). Both heuristic approaches 12 and Ornstein-Uhlenbeck models suggest that DNA methylation levels at a small set of sites have 13 been affected by positive selection, and that this class is enriched in functionally relevant 14 contexts, including promoters, enhancers, and CpG islands. Our results thus indicate that the rate 15 and distribution of DNA methylation changes across the genome largely mirror genetic structure. 16
shores, gene bodies, and promoters ( Fig. S1 ). At least one CpG site in the promoter or gene body 141 was included for 75.2% of Ensembl-annotated protein-coding genes in the reference anubis 142 baboon genome (Panu2.0; Fig. S1 ). To investigate patterns of DNA methylation variation across 143 Papio, we subsequently focused on the subset of 756,262 CpG sites that were not constitutively 144 hyper-or hypo-methylated (mean methylation level ∈ [10%, 90%] across all study subjects). 145 Two of the species we sampled (hamadryas baboons and anubis baboons) included individuals 146 from multiple source populations (Table S1 ). However, because source population was not 147 significantly associated with variation in DNA methylation within species (Supplementary 148 Methods), we grouped all samples from the same species together for subsequent analysis. 149 To investigate the relationship between DNA methylation levels and genetic divergence, 150 we first performed principal components analysis (PCA) on the DNA methylation data. With To investigate species differences within Papio, we subsampled the baboon data to 4 individuals 156 for each species (based on the smallest sample size per species, for Kinda baboons) and analyzed 157 the baboon samples alone. In most subsets (79.6%), PC1 and PC2 mirror the phylogenetic 158 history of the baboon species we sampled (Fig. 1A) . They first separated baboons from the 159 northern clade from baboons from the southern clade (PC1), and then separated hamadryas 160 baboons from all other taxa (PC2). To explicitly compare structure in the DNA methylation data 161 to baboon genetic structure, we used Procrustes analyses on the DNA methylation data set and 162 genotype data collected from the same RRBS data (n=49,607 SNPs; Supplementary Methods). 163 The first two PCs of the genotype data were significantly concordant with the first two PCs of 164 the DNA methylation data ( Fig. 1B ; Procrustes t0 = 0.89, p < 10 -6 ), indicating that divergence in 165 CpG methylation levels is closely tied to genetic divergence (near-identical results were obtained 166 when including additional PCs, up to PC 6). these extremes ( Fig. 2A) . Further, in all contexts, the strongest relationship between genetic 196 variation and DNA methylation levels was observed for intermediately methylated CpG sites, 197 which were also the most variable ( Fig. 2A included in the analysis, pairwise divergence time was strongly positively correlated with 212 pairwise DNA methylation divergence (Mantel test r = 0.970, p = 0.011), with an estimated rate 213 of change for the average CpG site of 1.14% per million years. This estimate is similar to that 214 obtained from baboons alone (1.27% per million years), although the baboon results are noisier 215 and not statistically significant (Mantel test r = 0.377, p = 0.067). Divergence in DNA 216 methylation is fastest in functionally unannotated regions of the genome and slowest in gene 217 exons, CpG islands, promoters, and enhancers ( Fig. 2B ). This pattern is observable whether or 218 not rhesus macaques are included and holds across mean methylation levels, although 219 differences in rate are smaller for sites that are intermediately methylated ( Fig. S3 ). Table S2 ). Conversely, such variation was depleted for CpG sites in gene exons. This 243 dependency on genomic context was generally consistent between sites that exhibited significant 244 genus, clade, or species-level variation. However, species-level changes were more strongly 245 enriched in unannotated regions and more clearly depleted for other functional contexts ( Fig. S4 ; 246   Table S3 ), consistent with faster divergence in regions where genetic variation is more likely to 247 be selectively neutral.
248
To identify shifts in DNA methylation associated with specific baboon taxa, we focused 249 on the set of 46,260 sites that were taxonomically structured by clade or species membership.
250
For these sites, we then applied a binomial mixed effects model (Lea, et al. 2015 ) to identify 251 differential methylation (i) between each target species and all other baboons, and (ii) between 252 clades (10% FDR threshold). We required a minimum 10% difference in mean DNA methylation 253 levels between the focal species and all other baboon species to call a species-specific shift, and 254 a minimum 10% difference between all between-clade species pairs, as well as rhesus macaque, 255 to call a clade-level shift. Based on these criteria, we identified 2,959 -11,189 species-specific 256 shifts per species (29,001 unique sites in all). The number of shifts per species was not a function 257 of sample size or independent evolutionary time (linear model, p = 0.809 and p = 0.743, 258 respectively). We identified another set of 9,803 CpG sites with evidence for a clade-specific 259 shift: 2,843 sites where DNA methylation in the northern clade was different from the southern 260 clade species and macaques, 5,340 sites where DNA methylation in the southern clade was 261 different from the northern clade species and macaques, and 1,640 sites where methylation 262 differed between the two clades and both clades were also different from macaques.
263
To assess the biological significance of these shifts, we again investigated their 264 distribution across the genome. Relative to the set of 46,260 sites tested, both species-and clade-265 specific shifts in DNA methylation were depleted in unannotated regions (species: log2(OR) = -266 0.057, p=0.037; clade: log2(OR) = -0.139, p = 2.70x10 -5 ), suggesting that species-or clade-267 specific changes are less likely to be neutral than the overall set of taxonomically structured sites. Domain Containing 3 (LINGO3) gene is shown in (C) and a hamadryas baboon-specific DMR associated 299
with the taperin (TPRN) and transmembrane protein 203 (TMEM203) genes is shown in (D). 300 301 302 Our results indicate that DNA methylation in functionally important regions of the 303 genome evolves more slowly than DNA methylation in unannotated regions, consistent with 304 stabilizing selection on gene regulation and neutral evolution for functionally silent CpG sites. 
Selection on DNA methylation patterns in baboons

313
The heuristic approach is based on the logic that phenotypes that evolve under positive 314 selection will harbor less intraspecific variation than phenotypes that evolve under genetic drift, 315 (Gallego Romero, et al. 2012) . Therefore, CpG sites where mean methylation differs between 316 species but variation is low within species are the most likely to have experienced a history of 317 positive selection. To identify such sites, we focused on those in the lowest decile of within-318 species variance (controlling for average methylation, see Methods) that also displayed 319 significant species or clade-specific methylation. These criteria yielded a set of 1,178 and 4,399 320 CpG sites that are candidates for positive selection to differentiate baboon clades or species, 321 respectively. We note that this approach is likely to retain false positives (and also miss false 322 negatives, which is common in tests for selection): thus, this set should be treated as enriched for 323 a likely history of positive selection, rather than as a definitive list of positively selected sites.
324
In the second approach, we fit Brownian motion and Ornstein-Uhlenbeck models of 325 phenotypic evolution, which include explicit parameters for the strength of selection towards a 326 phenotypic optimum or optima (Butler and King 2004) . We used a modified approach that takes 327 into account intraspecific phenotypic variance (following Bedford and Hartl 2009; Rohlfs and 328 Nielsen 2014), with modifications to accommodate our data type. Simulations indicated that, in 329 the baboon phylogeny, these models are underpowered to identify species-specific episodes of 330 selection, but are reasonably well-powered to detect positive selection on multi-species lineages 331 (see Supplementary Methods) . However, like the heuristic approach, we treat our results as 332 enriched for specific evolutionary histories, as opposed to definitive. For each taxonomically 333 structured site (n=46,260 sites), we fit five models, which captured (i) genetic drift across the 
343
The heuristic approach and the OU model approach produced highly overlapping sets of 344 putative positively selected sites (Fisher's Exact Test log2(OR) = 2.26, p = 8.99x10 -118 ). We Table S2 ). This pattern is consistent for all sets of candidate positively 351 selected sites ( Fig. S4 ; Table S4 ). 129 DMRs were associated with species-specific selection (4- 0.00239 ± 0.00261) did not differ from nucleotide diversity around CpG sites with no evidence 365 for positive selection (0.00241 ± 0.00221, Tukey's HSD p = 0.923; Fig. 4 ). However, nucleotide 366 diversity was significantly lower for site-lineage combinations in which positive selection was 367 specifically inferred than for either other lineages at the same site (0.00213 ± 0.00348 versus 368 0.00251 ± 0.00273, p = 3.86 x 10 -12 ) or near sites with no evidence for positive selection 369 (0.00213 ± 0.00348 versus 0.00241 ± 0.0022, p =1.22 x 10 -12 ). For "nonselected" lineages, local 370 nucleotide diversity did not differ from nucleotide diversity at sites with no evidence for positive 371 selection (p = 0.096). intersection set of the heuristic and OU approaches for multi-species lineages and results from the 378 heuristic approach for single lineages). Log10(π) for sites in dark blue are replotted in gray for lineages 379 unaffected by putative positive selection and in light blue for lineages putatively affected by positive 380 selection. Lineage-site combinations linked to positive selection (light blue) exhibit lower local nucleotide 381 diversity than all other classes (Tukey's HSD: p= 1.22 x 10 -12 compared to sites with no evidence of 382 positive selection [pink]; p = 7.26 x 10 -7 against the same sites, but with π averaged across all lineages 383
[dark blue]; p = 3.86 x 10 -12 against the same sites, but with π averaged across nonselected lineages only 384
[gray]). π was calculated separately for each species and averaged across lineages, and is log transformed 385
here for visualization purposes only. Box plots show median (black bar) and interquartile range 386 (whiskers). Nevertheless, we do find support for positive selection on DNA methylation levels for a no significant contribution of species identity to variance in conversion efficiency (ANOVA F = 503 1.303, p = 0.27; Table S1 ).
504
After excluding sites for which data were missing for ≥50% of our study subjects or for 505 which mean coverage was <5x, we retained 2,450,153 CpG sites for downstream analysis. As 506 expected for RRBS data sets, these sites were enriched in functionally important regions of the 507 genome and displayed typical mammalian patterns of CpG DNA methylation (Fig. S1 ). To focus 508 on the sites most likely to exhibit biologically meaningful variation, we further excluded 
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Gene ontology (GO) enrichment analyses were performed using the Cytoscape module 533 ClueGO (Bindea, et al. 2009 ). To link differentially methylated sites to genes, we first identified 534 clusters of CpG sites with similar patterns of differential methylation (differentially methylated 535 regions or DMRs). We called DMRs when ≥3 CpG sites within a 2 kb window exhibited the 536 same type of lineage-specific change (e.g., hypo-methylation in hamadryas baboons), and 537 bounded the DMR by the first and last CpG site that exhibited lineage-specific methylation. We 538 then collapsed overlapping DMRs. We assigned a DMR to a gene when a CpG site within the 539 DMR fell within 10 kb of the gene body. To test for gene set enrichment, we analyzed GO 540 Biological Processes that fell between levels 3 and 8 of the GO tree, included at least 4 genes in 541 our data set, and for which at least 5% of genes assigned to the term were present in the test set. 542 We also collapsed GO parent-child terms with at least 50% overlap. Enrichment analyses were 543 corrected for multiple hypothesis testing using the Benjamini-Hochberg (B-H) method 544 (Benjamini and Hochberg 1995) . Gene set enrichment analyses for DNA methylation data can be 545 biased if some gene sets are systematically associated with larger numbers of CpG sites than 546 others (Geeleher, et al. 2013 ). However, in our data set, genes associated with differentially 547 methylated sites were not associated with more tested sites than other genes (logistic regression: 548 z = 0.054, p = 0.957).
550
Covariance between genetic structure and DNA methylation patterns 551 To assess the relationship between phylogenetic structure and DNA methylation patterns 552 in our data set, we conducted principal components analysis in R (version 3.2.5; R Core Team 553 2016) on the scaled variance-covariance matrix of the DNA methylation level data. We ran the 554 PCA both including and excluding the rhesus macaque samples, and in baboons after 555 subsampling to the same number of individuals per species (n=4; Fig. 1A, 1B, and S2) . 556 To test the correlation between DNA methylation levels and pairwise genetic distance 557 between samples, we used Mantel tests. We called genotypes from RRBS data for 49,607 558 biallelic SNPs (see Supplementary Methods) and calculated the pairwise genetic covariance. We (Fig 2A) . We also tested whether windows of the genome where genetic structure followed an alternate phylogeny (a consequence of incomplete lineage sorting or 564 admixture) exhibited a lower correlation between genetic and DNA methylation covariance (see 565 Supplementary Methods). 566 Finally, to investigate the relationship between DNA methylation divergence and genetic 567 divergence between species, we retained CpG sites for which each species was represented by at 568 least three individuals and a total (across individuals) of at least 10 reads (n = 438,713 CpG 569 sites). We calculated the mean DNA methylation level per species for each retained CpG site and 570 the difference in mean methylation between each species pair. We then tested whether 575 For sites in which clade or species significantly contributed to variance in DNA 576 methylation levels (n=46,260 taxonomically structured sites, identified using ANOVA and a 577 10% FDR threshold), we tested for lineage-specific shifts using the beta-binomial model 578 implemented in the program MACAU (Lea, et al. 2015) . We tested each species for differences 579 in DNA methylation level when compared to all other baboons and we also tested whether 580 southern clade baboons had different methylation levels than northern clade baboons. For each 581 comparison and CpG site, we considered the model:
Lineage-specific changes in DNA methylation
where ri is the total read count for i th individual, yi is the methylated read count for that 584 individual, and πi is an unknown parameter that represents the true methylation level for that where wi is a vector of fixed effect covariates including an intercept and the sample-specific 590 bisulfite conversation rate; α is a vector of coefficients for wi; xi represents species or clade 591 membership coded as 1 (for the taxon of interest) or 0 (for any other taxa) and β is the coefficient 592 for the effect of taxonomic membership; is an n-vector of independent residual error with 593 variance σ 2 ; and I is a n-by-n identity matrix. We did not model genetic non-independence in this 594 analysis; thus, the K matrix input to MACAU was an identity matrix. 605 To test for positive selection using the heuristic approach, we first calculated the 606 intraspecific variance for each of the 756,262 CpG sites in our primary data set, after mean-607 centering DNA methylation levels for each species. We then binned the CpG sites into 5% 608 quantiles based on mean methylation level, and retained sites with intra-specific variance in the 609 lowest 10% quantile for each bin. We intersected these low-variance sites with the set of sites 610 that exhibited species-or clade-specific methylation, based on the criteria outlined for 611 identifying taxonomic structure with ANOVA followed by beta-binomial regression. This 612 intersection set is likely to be enriched for a history of positive selection.
Identification of candidate directionally selected sites
613
As an alternative approach, we fit Ornstein-Uhlenbeck (OU) models of the evolutionary 614 process, based on the phylogenetic tree for baboons (Rogers, et al. in review) . In OU models, 615 trait evolution is modeled as the sum of stochastic and deterministic forces, with parameters for 616 the strength of selection, the strength of genetic drift, and the trait optimum. In addition, because 617 these models assume phenotypes have a continuous distribution, we transformed DNA 618 methylation levels using a logit link function. A basic OU model has the form: where is a m-by-1 vector of , the optimum trait values for species j. captures the 626 covariance between species and is determined by the phylogenetic covariance, , and 627 such that the covariance between species j and k, , , is given by exp (−2 (1 − ℎ , )). To 
